Experimental Challenges and Sensitivity
Reach of CNS Measurements with
Phonon Detectors
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Coherent v Scattering
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CNS Cross Sections
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Neutrino Sources

3 sources to consider:
Electron-capture sources (J. Formaggio)

Reactors (A. Bernstein)
Decay-at-rest sources (K. Scholberg, M. Shaevitz)
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Differential rate at existing facilities

2> — SONGS-Ge

&D — iy \\‘\ MITR - Ge

> TN\ — SNS-Ge

L 001 TSSOSO - SONGS-Si

S ™\ - ATR - Si

° \x N MITR - Si

Q 10—4 ﬂ;\ N ‘_ - SNS-Si

< N\

a4 “ \

E \\\\ N

2 1070 e M N

O i AL

> X~

-LLE 3 \\ \“‘ N
10 ! ‘

2 %90 100 1000 104 105

Recoil Energy [eVnr]

Enectali Figueroa-Feliciano Ill!l-



Integrated Rate at existing facilities
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Neutrino Sources

Sources Pros cons

Mono-energetic, can place | < 1 MeV energies require very
Electron Capture detector < 1m from source, | low (~10 eVnr) thresholds, 30
ideal for sterile neutrino search day half-life, costly

Spectrum not well known
below 1.8 MeV, site access
can by difficult, potential
neutron background at
research reactors, reactor
rarely off for GW power plants

Nuclear Reactor Free, highest flux

. . SNS funding travails, ESS and
Higher energies can use

Spallation/Decay at | higher detector thresholds, | ~2o0aIs dont exist, ISODAR

Rest timing can cut down will have similar flux but lower
backgrounds significantly | ©o 9Y VS (Mmean Ev=6MeV)

requires lower thresholds
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MIT Nuclear Reactor (MITR)

e 5.5 MW Thermal
Reactor

e 1x10'® v/s

e 4.5x10" v/cm?/s @
4 meters from core

e 4 weeks on, 1 week
off operating cycle

e CONSs: practically no
overburden, neutron
background is likely
too large
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MITR experimental site

e Room

available 4m
from core

Graphite
Reflector

Rl
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Beam
Port

Re-entrant
Thimble
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Advanced Test Reactor (ATR), I[daho Nat. Lab.

e 110 MW Thermal
Reactor

e 2x10'° v/s

e 1.2x10% v/cm?/s
@ 11 meters from
core

e 6-8 weeks on, 1-2
weeks off
operating cycle
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ATR experimental site

| A
e Room available: S St
e |n first basement HRHISES e
. . Reactor core
(outer shim corridor), e e 19m
/7 m from the core o
n-pile tubes
entyance/exﬂ
piping
* In second basement,
11 m from the core  fjuatingred
\ 4

e Easier deployment site
compared to SONGS...

02-GAS0B20-01 I I I N .
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SONGS power plant

e 3.4 GW Thermal
Reactor

e 5.6x10%0 v/s

e 7.8x10"2 v/cm2/s @ 24
meters from core

o Off every 1.5 years?

e Tendon gallery 24 m
from core, 10 m
underground
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Phonon vs. lonization Readout

f . kg (6) Fraction of recoll energy deposited in
1+ k qg (E) target converted to ionization signal
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Event rates at AIR for phonon and ionization

lonization readout requires much lower
thresholds for the same rates
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Event rates at AIR for phonon and ionization

lonization readout requires much lower
thresholds for the same rates
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SSPPPTTE

CEBCHET

A Coherent Neutrlno Scattering Program

R I
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Detectors

e Optimization of SuperCDMS detectors
for low threshold

e Assume 100 eV threshold for reactor
experiment. 5 kg Si, 5 kg Ge

e See talks by B. Cabrera and B.
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CNS Signal

CNS Integrated Rate at Various Reactors

: [ [ ]] |

= - SONGS-Ge | |
QIOO‘O 4 - ATR-Ge |-
< 500-______ ~_ MITR — Ge | -
a0 T N - SONGS-Si | |
& =N - ATR-Si | |
= — N MITR - Si

> 10.0. s N

L;J 50 — e ;t“~ - \ A \\\

g r = \\\\ \ ~‘\\

Qﬁ \\\\\ \\ \\\

T 10 : S\
05 * N\

gﬁ . : \\ i\\ \\
= I N\ N
= \\ \ \\\ \\

<
e

0 20 50 100 200 500 1000 2000
Threshold Energy [eVnr]

Enectali Figueroa-Feliciano Ill!l-



Event Rates for 100 eVnr Threshold

MITR ATR SONGS
Baseline 4 m 11 m 24 m
Ge
evi/ka/day 3.6 9.6 61.4
Si
evi/ka/day 1.8 4.7 30.6
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Why use Silicon”?

e Germanium provides a rate around 3.3 times larger per
unit mass, and 7.5 times larger per unit volume. So why
use Silicon?

e Si provides a cross check against backgrounds,
especially since a neutron background would scale
differently between Ge and Si than the v signal

e A Ge and Si CNS measurement provides additional
physics reach through strong constraints on Non-
Standard Interactions
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Backgrounds

We have a good handle on the signal, but what about the
backgrounds?

We have been working on this at MIT, but today we are only
showing a work in progress..

We assume no electron/nuclear recoil discrimination, thus our
backgrounds are composed of y, 3, n, and a coming from:

e Cosmogenic backgrounds
e Radiogenic backgrounds

e “Reactogenic” backgrounds
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Backgrounds

 |In our signal’s low-energy band, we expect background
events from surface interactions (3 and low-energy y and
a), and bulk neutron recoils and Compton scatters.

e \We are working on simulating the background
environment through GEANT4 simulations of our
experiment (including shielding and muon veto), using
several packages to introduce the cosmogenic,
radiogenic, and reactor backgrounds.
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Ricochet Monte Carlo in GEANT4

concrete walls

reactor core

detector and o’
shielding
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Ricochet Monte Carlo in GEANT4

detectors { poly shielding

cryostat .

. . concrete
N I WEE

/ Pb shielding
muon veto I
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Cosmogenic Backgrounds

« MITR experimental
space has minimal
overburden. Can we run §
a cryogenic detector at
the surface?

e ATR and SONGS will
offer much better
protection from
cosmics, but we will still
want an estimate of
what the rate is.
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Introduction to CRY (Cosmic-Ray Shower Library)

e (Generates correlated cosmic-ray particle showers at sea level for use
as input to (e.g.) Geant4.

* Primary (1 GeV-100 TeV) and secondary (1 MeV-100 TeV) particles are
generated.

* Provides all particle production (muons, neutrons, protons, electrons,
photons, and pions) within a specified 2D box as well as time of arrival
and zenith angle of secondary particles.

e Accounts for latitude and solar cycle variations.

e “Fast simulation” based on precomputed input tables coming from full
MCNPX simulations of primary cosmic rays with a complete
atmospheric model.

e CRY is used by MicroBooNE (@ surface), LBNE, and possibly many
more experiments.

* Info can be found at: http://nuclear.linl.gov/simulation/main.htm
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http://nuclear.llnl.gov/simulation/main.html
http://nuclear.llnl.gov/simulation/main.html

Cosmogenic Event Rates at MITR

e CRY cosmic ray generator in RicochetMC.

» Cosmic rays generated at the surface from a 10x10 m? area
above Ricochet.

* Exposure time: 2.5 days, corresponding to 6x10° cosmic rays
(mostly muons) simulated.

~2 events/kg/day from 0-2 keVr
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Single scatter distribution in crystal

e Use all single scatter events (vetoed and unvetoed by
muon veto) in all detectors in the 0-2 keVnr window.

e Close-packing in tower makes the outer radial surface the
Most exposed to surface events.
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Radiogenic Backgrounds

detectors

e Implemented radiogenic
contamination in materials in
RicochetMC

cryostat

e Used contamination levels
based on measured levels in
CDMS-Il and XENON-100

concrete
walls

Enectali Figueroa-Feliciano
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Radiogenic Backgrounds

Poly shield| Pb shield Cu housing Detectors

e U, Th, K

e Cosmic activation: L-,
M-shell EC lines in Ge
eRadon Daughters

e U, Th, K
e U, Th, K |* U, Th, K|e Cosmic activation
e Radon Daughters
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Contamination Assumptions

238U [mBqg / kg] |232Th [mBq / kg]
Outer Pb 3.8 9.4
Inner Pb 1.0 1.0
OQuter poly 0.8 1.2
Inner poly 0.8 1.2
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U, Th Gamma Lines

232Th chain gamma spectrum 238 chain gamma spectrum
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U, Th Spectra

Single Scatters on Detectors
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U, Th Spectra

Single Scatters on Detectors
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U, Th Spectra

Single Scatters on Detectors
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Putting together what we have so far...

e Created simulated signal and e What is not in:
background spectra for MITR » Cosmogenic activation in
and ATR sites. copper housing

* Whatis in: e Residual U, Th contamination

e CNS signal of copper housing

e Cosmogenics: full CRY e Radon daughters (surf. evnts)
simulation with latitude,  Neutron Background from
altitude, and seasonal reactor
corrections e Unknowns (atomic

e U, Th, and K in Poly and Pb transitions, etc..)

* L-shell electron capture lines » Payload will need to be modified
from cosmogenic activation once we know what we want to
of Ge due to the isotopes: put in (number and size of Ge
68Ge, 60Co, 657n, 58C0, and Si detectors).

57Co, 56C0, 54Mn, 55Fe - .
e Thisis a work in progress!!!
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MITR Simulated Spectrum

Ricochet (5kg + 5kg = 10 kg total) event rates
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Neutrons at MITR

* The room at MITR was designed for

Boron Neutron Capture Therapy, a 2 Tl
type of cancer therapy using e e
epithermal neutrons. vk 3

* The room has a neutron beamline to |_Jtg€r== 1 .
deliver the neutrons from the reactor || gl .« <1
to the patient and moderate them = b= . ion .
into epithermal neutrons. i e, G

 \When not in use, the beamline has a
neutron “shutter” made of

aluminum, PTFE, lead, water, and
boronated concrete. -s:.

M11 Thennal:"':,‘i

e A thesis with a detailed MCNP Bearn Line

Thermal Beam

simulation of the reactor, the shutter, Medical Room
and the actual room exists.
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Neutrons at MITR

1.00E+00
e Thesis: “Engineering design
of a fission converter-based N
\ - shutters are at cilosed position
epithermal beam for seaans an 14 oot :
: . AL
neutron capture therapy,” TR reactor power MW 4
Sutharshan, Balendra, MIT . convrariane ]
fé 1.00E-01 4 ieae\lfy V;a:r;cgro c?)':n osed of 68 cm &
NUC|ear Eng 1998 PhD <§ 7E&Amngnur; FloridZ/so";.j)Aflaniinum +2 4 ‘;
Thesis £ o J
e Using this spectrum onthe 3 ] !
RicochetMC indicates that L - J
. . = NEg)
current CDMS | shield is F P A A F
: C : £ I e
insufficient for this neutron g 1oosot gt TR !
flux. "
 MITR is likely not a good
option for Ricochet,
although a study with more

| | | 1.00E-03 T . T ; . ; ]
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ATR Simulated Spectrum - just scaled rate

Ricochet (5kg + 5kg = 10 kg total) event rates

E Total signal
) \T *®Si coherent scatter (5 kg)
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Ricochet Science
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NSI Sensitivity

oo G?
8—T(EV’T> — 7M (1 —

MT
Yo7

) ((Zg? + Ng™) + (A+ Z2)eY + (A + N)elV)*

 Non-Standard Interactions are a way to search for
physics beyond the standard model by parametrizing
deviations in the interaction rates between particles

» Our proposed experiment can place world-leading limits
on some of these parameters
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Need Two Targets for Optimal NSI Sensitivity
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Potential Sensitivity
0.6

90% CL CHARM allowed

; (hep—ph/0302093) ;

0.4r 90% CL 1kg-yr Ge + 1kg-yr Si, 100eV thresh. |
2 (no background) (hep—ph/0508299)

0.2r
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Magnetic Moment Limits at ATR?

CNS vs. u, Differential Rate at ATR
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Sterile Neutrino Search at the ATR?

If we mount the experiment on rails, can we
search for sterile neutrinos at the ATR?

Run period 1 year at each baseline
Baselines 4,6 m for MITR, 7,10 m for ATR
Target Ge
Core size 0.38x0.61 m for MITR, 1.2x1.2 m for ATR
Flux 238U only, from Mueller

Neutrino rate

3.2E25 v /year for MITR, 6.4E26 7/year for ATR

Active volume 10 kg
Detection efficiency 60%
Background (flat spectrum) 4.4 cts/kg/day in 6 kg fiducial
Energy threshold 100 eVr
Flat syst. unc. (mostly flux norm.) 2%
Correlation coefficient between baselines 0.99
Energy smear near threshold 20%
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Sterile Neutrino Search?

10
—~ [ PWe—vy)=sin’(20e) sin2(1.23Am§4E%)
3 [ sin?(20es) = 4|Ues]? |Uaa|?
<
L sin?(26e) = 4 (Ul (1 _ \Ue4\2)
<
1
C 1
- R
- \‘““ )
MITR 30 CL sensitivity
10" = ATR 30 CL sensitivity
- ATR 30 CL sensitivity (x10 mass)
_ ATR 50 CL sensitivity (x10 mass)
- Reactor anomaly best fit in units of sin (26 o) |

107 107 g n2(20,.) 1

Enectali Figueroa-Feliciano Ui



Conclusions

e | ow-threshold phonon detectors derived from the
SuperCDMS program are a very promising technology for
CNS and associated science.

* \We have calculated the CNS rates for several reactor
sites and developed a GEANT4 Monte Carlo
(RicochetMC) that allows us to calculate the backgrounds
expected from this experiment.

e Background calculations are still ongoing. Neutron
backgrounds need to be modeled and measured.

e We are working on a *He Moderated Neutron Capture
Detector to measure the neutron flux and spectrum
concurrently with the CNS measurement
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MITR Neutron Shutter
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Neutron monitoring

Theoretical neutron flux at MITR

Total integrated flux = 0.34 s-1.cm-2

—
9

Neutron flux per unit of lethargy [s '1.cm‘2]

log, (E_[MeV])

Need to measure neutron flux over 7 orders of magnitude with high precision



Neutron monitoring

Use of He3 Neutron Capture Detector (NCD) based on the following process:
n+>He - p+t (Q=764keV)

- Cylinder shape: 200 cm long, 5.08 cm diameter => active volume ~ 4000 cm3
- Gaseous TPC: 85% 3He + 15% CF4 (@ 2.53 bar

- Charge readout: charge preamplifier Canberra 2001 A

- Optimal HV: 1.95 kV

- Energy resolution @ 764 keV: 3.3%

Event traces Deposited energy distribution
. | |
5 100 | R 2 . Selection window [
6“1 — A\ Neutron capture § — DATA  1Count the number of event§ :
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£ | 1
| ! 5 - ! .
50— % L 1 1
B .,. 1000 — : .
RN — I Geometrical effect .
B W B : p or t hit the wall 0
B 500 — .
- - 1
- 1
o— DATA u I
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Neutron monitoring

A bonner sphere approach

NCD are mostly sensitive to thermal neutrons (cross section ~ 10”4 barns)
Use layers of PVC to slow down neutrons due to multiple collisions with hydrogen (mostly)

With PVC thicknesses up to 10 cm, we are sensitive to MeV neutrons!

PVC Transfer Function Capture rate at MITR
2000 _
E — — Thickness = 0 cm :EJ IR
'2‘ : === Thickness = 1 cm ‘; N M C * *
8 | Thickness = 2 cm © — * +
8 500 = Thickness = 3 cm ; 100— {
o _ Thickness = 4 cm 5 L * +
$ - Thickness = 5 cm “a |
= — Thickness = 6 cm @© *
8 — Thickness = 7 cm O B
21000 — = Thickness = 8 cm 80—
— === Thickness = 9 cm —
— Thickness = 10 cm l
500 60—
e = L ; : 40 ! 1 | ! ! ! ! |

o
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0 2 10
log, (E,_ /MeV) Layer thickness [cm]



Neutron monitoring

Recovering the neutron flux from NCD rate measurements
Likelihood approach

Deﬁnition of the hkehhood function; Reconstruction of the neutron flux at MITR (expected sensitivity)
l — 0.3
. ( Nth — prs)Z e
o% (F) — H eXp [_ : NObSZ ‘_o- Theoretical MITR neutron flux MC
i=1 {

——#—— Reconstructed MITR neutron flux

Expected neutron flux reconstruction
sensitivity using maximum likelthood
distribution

O
(S

This example considers:
- MITR theoretical neutron flux

- 10 neutron energy bins
- 11 PVC layers
- An acquisition time of 20 minutes per & >

0
layer log, (E_[MeV])
Reconstructed total flux = 0.348 &+ 0.021 neutron /s/cm2 (~5% uncertainty)

Q
—

Neutron flux per unit of lethargy [s

 ©O
(o))

Validation of the method using a monoenergetic deuteron neutron source is ongoing...



CDMS backgrounds at SUF

Si QET Low Boackground 133 Live Days) 5 QET Low Backgrownd (33 Live Days)
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Direct Detection of Dark Matter Page56 Blas Cabrera - Stanford University



Detailed analysis of SUF data

+  Top plot is combined Ge
(upper panel) and Si
(bottom panel) WIMP
candidate event rates as a
function of recoil energy. il

Event rate (kg 'keV'd ™)

e
ek

*  Bottom plot is ionization _ RecoilenerpyeV)
yield vs recoil energy for zs«;.e;). A//' 5
unvetoed single scatters
for Ge (top panel, Z5 6 V) ........... Dbt
and Si (bottom panel, Z4 3 L Nloniots |
V) WIMP searches

From PHYSICAL REVIEW D 82, 122004 (2010)
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Direct Detection of Dark Matter Page 57 Blas Cabrera - Stanford University



A few example generator/data
comparisons

(from http://nuclear.linl.gov/simulation/main.htmil)

Vertical Intensity [1/m2/slsr/MeV]
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Figure 4: MC-generated muon spectrum and data measured at sea level.


http://nuclear.llnl.gov/simulation/main.html
http://nuclear.llnl.gov/simulation/main.html

Calibration of lonization vs Recoil Energy

Ge Yield and Lmdhard

KSU reac'ror neu'rron callbra’rlons .
10°- recoil sensitivity below 1 keVrec t el

" demonstrated with
- 0.5 kg detector (a first)

AA A Juan TAUP11
) f".‘ Gory details:

S -

P.S. Barbeau
Ph.D. Thesis
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<
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A inelastic n scattering (Jones and Kraner 71)
r 2 L elastic n scattering (Messous et al. 95)
| .‘ ¢ thermal n capture (Jones and Kraner 75)
- . . .
! e elastic n scattering (this work)

--------- Lindhard theory (k = 0.2) 1
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Phonon vs. lonization Readout

f . kg (6) Fraction of recoll energy deposited in
1+ k qg (E) target converted to ionization signal

[Lindhard Theoretical Ionization Fraction
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A Coherent Neutrlno Scattering Program

Enectali Figueroa-FeIiciano

H Bl Mas
III Ittt f

Technology



